Human γ--secretase is an intra--membrane protease that cleaves many different 18 substrates. Aberrant cleavage of Notch is implicated in cancer, while abnormalities in 19 cutting amyloid precursor protein lead to Alzheimer's disease. Our previous cryo--EM 20 structure of γ--secretase revealed considerable disorder in its catalytic subunit 21 presenilin. Here, we introduce an image classification procedure that characterizes 22 molecular plasticity at the secondary structure level, and apply this method to identify 23 three distinct conformations in our previous sample. In one of these conformations, an 24 additional transmembrane helix is visible that cannot be attributed to the known 25 components of γ--secretase. In addition, we present a γ--secretase structure in complex 26 with the dipeptidic inhibitor N--[N--(3,5-- difluorophenacetyl)--L--alanyl]--S--phenylglycine t--27 butyl ester (DAPT). Our results reveal how conformational mobility in the second and 28 sixth transmembrane helices of presenilin is greatly reduced upon binding of DAPT or 29 the additional helix, and form the basis for a new model of how substrate enters the 30 transmembrane domain.
Introduction 1 2 γ--Secretase clears the anchors of type--I membrane proteins that are left behind 3 in the membrane after shedding of their ectodomain. The substrate specificity of 4 this intra--membrane protease is remarkably relaxed. It will cleave a wide range 5 of substrates, as long as they form a single hydrophobic transmembrane helix, 6 and the remaining ectodomain is not too large (Struhl and Adachi, 2000) . As a 7 manifestation of its promiscuous substrate specificity, γ--secretase also cleaves 8 its substrate in different positions. For two of its most studied substrates, the 9
Notch receptor and the amyloid precursor protein (APP), γ--secretase performs 10 an initial endopeptidase--like ε--cleavage, which is followed by carboxypeptidase--11 like trimming, called γ--cleavage. Cleavage of APP leads to secretion of β--amyloid 12 (Aβ) peptides into the extracellular environment. Abundant deposits of Aβ 13 peptides in the brain, clinically known as β--amyloid plaques, are a defining 14 characteristic of Alzheimer's disease (AD). Variability in the position of both ε− 15 and γ--cleavages results in Aβ peptides with lengths ranging from 36 to 49 16 residues, with Aβ40 being the most common form. Longer peptides seem to be 17 more prone to aggregation, and increased ratios of Aβ42/Aβ40 are thought to 18 play a role in AD pathogenesis (Tanzi and Bertram, 2005) . 19 20 Because of its central role in Aβ generation, γ--secretase is an attractive target for 21 treatment of AD. However, a clinical trial with the γ--secretase inhibitor 22 semagacestat had to be interrupted prematurely due to strong side effects, 23 including skin cancer, weight loss and a faster decline of the cognitive skills of 24 PS1 in a long cytosolic loop between its sixth and seventh transmembrane 1 helices (TM6 and TM7) (Thinakaran et al., 1996) . 2 3 We recently solved the cryo--EM structure of a nicastrin:Aph--1a:PS1:Pen--2 4 complex to a resolution of 3.4 Å (Bai et al., 2015a). This structure allowed 5 building a near--complete atomic model, and revealed how Aph--1 and Pen--2 hold 6 a remarkably flexible PS1 subunit underneath the nicastrin ectodomain. In 7 particular, TM2, the cytoplasmic side of TM6 and the long linker between TM6 8 and TM7 of PS1 were largely disordered. The presence of the linker could only 9 be inferred from fuzzy densities in 2D class averages, whereas the approximate 10 position of TM2 could only be inferred from a 7 Å low--pass filtered map. This 11 low--pass filtered map also showed a rod--shaped density in the cavity between 12 TM2, TM3 and TM5, but the identity of this density could not be determined. 13
Although the sample used for structure determination did show proteolytic 14 activity for APP (Lu et al., 2014) , the active site appeared to be in an inactive 15 conformation as the two catalytic aspartates were too far apart to catalyze 16 proteolysis. 17 18 In this paper, we set out to gain further insights into the proteolytic mechanism 19 of γ--secretase by using two complementary approaches to sample the 20 conformational landscape of its catalytic subunit. With the aim of trapping the 21 complex in a more defined conformation, we solve a structure in complex with 22 the non--transition--state analogue inhibitor DAPT, which is a precursor in the 23 development of semagacestat (Dovey et al., 2001) . In addition, we introduce a 24 new cryo--EM image classification procedure that allows visualizing the 25 molecular dynamics of the catalytic subunit in its apo--state at the secondary 1 structure level. The resulting four structures represent a significant step towards 2 understanding how this promiscuous protease cleaves its substrates. 3 4 Approach 5 6
A powerful method of classifying structural heterogeneity is to 'focus ' 7 classification and/or refinement on a defined region of the protein complex of 8 interest. In this approach one masks out part of the reference during 3D 9 refinement, thereby effectively ignoring structural variability in less interesting 10
parts. An early application of focused classification was used to separate 11 ribosomes with or without elongation factor G, after hotspots of structural 12 variability were identified in the inter--subunit space using 3D variance maps 13 (Penczek et al., 2006) . More recently, focused refinements proved effective in 14 dealing with variability in the relative orientations of ribosomal subunits 15 (Amunts et al., 2014; Wong et al., 2014) . However, focused classification 16 attempts aimed at analyzing the conformational landscape of γ--secretase in its 17 apo--state were unsuccessful. An initial data set of 400,000 particles gave rise to a 18 3.5 Å map. Using different masks on the transmembrane domain, focused 19 classification consistently yielded only a single class showing good density. 20
Although this approach did result in the selection of 160,000 particles from 21 which we could calculate a better 3.4 Å map, it did not reveal the nature of 22 conformational freedom within the catalytic subunit (Bai et al., 2015a). 23 24 1 
15
A fundamental problem with focused classification is that one compares 1 projections of a map where part of the particle is masked away with 2 experimental projections of the entire particle ( Figure 1 ). This leads to 3 inconsistencies in the comparisons that underlie the refinement procedure. For 4 example, one might want to focus classification on the part of the particle that is 5 depicted in red in Figure 1A , and ignore any variations in the yellow part. 6
Masking away the yellow part from the reconstruction in focused refinements 7 ( Fig 1C) yields reference projections that only contain the red part ( Fig 1F) . 8
However, each experimental image ( Fig 1D) contains signal coming from the 9 entire particle, i.e. from both the yellow and the red parts. Therefore, the yellow 10 part of the signal will act as an additional source of noise in the comparison 11 between the experimental image and the masked reference projection. It will 12 depend on the signal--to--noise ratio in the original image and on the size of the 13 part of the complex that is masked away, whether this additional noise will affect 14 the refinement. For large particles, high signal--to--noise ratios in the data make 15 focused refinements relatively robust, but even for ribosomes it proved more 16 difficult to focus refinements on the small subunit than on the large one, e.g. see 17 (Wong et al., 2014) .
19
To reduce the inconsistency in image comparison, we explored a modification of 20 the focused classification approach. Using the example in Figure 1 experimental image. This requires knowledge about the relative orientation of 23 each experimental particle, which is obtained from a consensus refinement of the 24 entire data set against a single, unmasked reference. Also, we apply the CTF of 25 each experimental image to the projection of the yellow part prior to the 1 subtraction. The resulting, modified experimental particle image ( Fig 1G) then 2 ideally only contains the signal from the red part of the particle. Because the 3 projections from the focused classification also contain only the red part of the 4 signal, the only inconsistency in the image comparison is the original 5 experimental noise. Therefore, using the subtracted experimental particle 6 images in 3D refinements that are focused on the red part of the signal will be 7 better than using the original images. 8 9
Results

10
Focused classification with signal subtraction on the apo--state data set 11
12
Because the PS1 subunit showed the highest level of disorder in our high--13 resolution structure, we decided to perform focused classification on PS1 with 14 subtraction of the signal from the rest of the complex. Since the total molecular 15 weight of the ordered part of PS1 in our previous map was less than 30 kDa, we 16 reasoned that the remaining signal in the subtracted experimental images would 17
probably not be strong enough to allow the determination of their relative 18 orientations. Therefore, we performed focused classification on the set of 19 400,000 particles, while keeping all orientations fixed at the values determined 20 in the refinement of the 3.5 Å consensus map. Classification into eight classes 21 yielded three majority classes that showed good density ( Figure  2 ). Five smaller 22 classes gave suboptimal reconstructions, and the particles from these classes 23 were discarded. The (original, non--subtracted) particles from the good classes 24 were then subjected to separate 3D auto--refinement runs (Scheres, 2012) , all of 1 which were started from the same 40 Å low--pass filtered reference to avoid 2 model bias. The resulting maps were very similar in the nicastrin and Aph--1 3 subunits, but obvious differences were present in the PS1 and Pen--2 subunits. 4
The maps had resolutions in the range of 4.0--4.3 Å, which allowed reliable main--5 chain tracing, but left density for many side chains less well defined (Table 1 As a control for model bias we performed a cross--refinement, where the 10 Å 5 low--pass filtered map from class 3 was used as initial reference for refinement of 6 the particles assigned to class 1 ( Figure  2 -- supplement 1). The initial reference 7 did not influence convergence, as the cross--refinement yielded a map that was 8 indistinguishable from the one obtained for class 1 in Figure 3 . As a negative 9 control, we performed focused classification with signal subtraction using eight 10 classes on the Aph--1 subunit ( Figure 2 --supplement 2). The density for this 11 subunit in the consensus map was very well defined, indicating that this subunit 12 is much more rigid than PS1. In this case, the eight resulting classes attracted 13 similar numbers of particles and all eight classes gave rise to very similar 14 reconstructions. Finally, in a third control to test reproducibility we performed 15 multiple different focused classifications on the PS1 subunit ( Figure 2 --16 supplement 3). We used different numbers of classes (six and ten instead of 17 eight), a different random seed, or slightly different masks on PS1. In all cases, 18 although the class distributions and the structural details varied, the resulting 19 classes revealed similar differences for TM2 and TM6. 20 21
Comparison of the three structures that were identified using the focused 22 classification on the PS1 subunit (Table 1, Movie 1--2) explained observations 23 made in the consensus structure. In the high--resolution structure, density for the 24 cytoplasmic side of TM6 was weak, while density for TM2 was only visible after 25 applying a 7 Å low--pass filter. This agrees with the observation that TM2 is only 1 ordered in class 1, whereas TM6 adopts different orientations in all three classes. 2
Control classifications with variations in the number of classes, random seeds or 3 masks revealed even more variations in the conformation of TM6 (e.g. see Figure  4 2 --supplement 3). Probably, TM6 adopts a wide range of conformations in 5 solution and our classification merely provides discrete snapshots of a 6 continuum. 7 8 Despite the fact that we did not focus our classification on Pen--2, we also observe 9 significant variations in the conformation of Pen--2. Compared to classes 1 and 2, 10
Pen--2 in class 3 has rotated away from PS1. This rotation concurs with a large 11 conformational change in PS1, where TM3 and TM4 rotate in the same direction 12 as Pen--2, TM5 and TM6 move towards the extracellular space, and TM6 rotates 13 towards TM7 (see Movie 2) . The rotation and upward motion of TM6 positions 14 the two catalytic aspartates within close enough distance of each other to 15 potentially catalyze proteolysis (although we do not see density for the aspartate 16 side chains). 17 18
When the high--resolution consensus map was low--pass filtered to 7 Å, besides 19 density for TM2 a second, unidentified rod--shaped density was also observed in 20 the cavity formed by TM2, TM3 and TM5 of PS1 (Bai et al., 2015a). A similar 21 density that could not be attributed to any of the known γ--secretase components 22 is also visible in classes 1 and 2, but not in class 3. The rod--shaped density is 23 best defined in class 1, where it shows clear features of α--helical pitch. We 24 modeled this density as an α--helix with an almost 90--degree kink at the 25 extracellular side of the transmembrane domain ( Figure 4 ). The kink of this helix 1 is in close proximity of the loop of residues 240--244 of nicastrin, and then 2 extends into the membrane through the cavity formed by TM2, TM3 and TM5 of 3 PS1, until it disappears just before reaching the active site. The density closest to 4 the active site looks less helical, and in this region we modeled it as an extended 5 chain. The entire cavity in which the helix is present is lined with residues from 6 TM2, TM3 and TM5 of PS1 that have been implicated in FAD. The cryo--EM 7 density was not of sufficient quality to allow the identification of this helix. Mass 8 spectrometry analysis suggested the presence of multiple proteins with a single 9 predicted transmembrane helix in our sample, and the presence of three of these 10 
Binding of DAPT rigidifies the catalytic subunit 1 2
In order to gain further insights into the plasticity of the catalytic subunit, we 3 also performed cryo--EM single--particle analysis on γ--secretase in complex with 4 DAPT ( Figure 5 , Figure 5 --supplement 1). Despite collecting a comparable 5 amount of micrographs as we did for the apo--state complex, 2D and 3D 6 classification approaches selected less than 20% of the complexes as suitable for 7 high--resolution reconstruction. This contrasts with a selection of approximately 8 40% for the apo--state data set. Because the overall appearance of the 9 micrographs for both data sets was similar, it could be that either DAPT or the 10 dimethyl sulfoxide (DMSO) in which DAPT was dissolved interfered with the 11 structural integrity of the complex. Nonetheless, from the selected 51,366 12 particles we calculated a 4.2 Å map, which was of sufficient quality to build a 13 reliable main--chain model, although the density for many side chains was less 14 clear. 15 16 17 Near the active site, TM6 displays a strong kink at Pro264, which positions its 23 cytoplasmic side underneath a cavity formed by TM2, TM3, TM5, TM6 and TM7. 24 This cavity contains the only peak of strong density in the transmembrane 25 domain that is unaccounted for by the protein model ( Figure 5C ). It breaks up 1 into disconnected pieces at 4.5 standard deviations above the mean, which is 2 somewhat weaker than the surrounding transmembrane helices in PS1, which 3 break up at approximately 6 standard deviations above the mean. The size of this 4 density is consistent with the expected size of a single DAPT molecule. Therefore, 5
we tentatively assign this density to the inhibitor, although at the limited 6 resolution of our map we cannot determine its exact orientation or 7 conformation. The pocket where the inhibitor binds is very hydrophobic, which 8 is as anticipated given the hydrophobic nature of the DAPT molecule. In 9 particular, Met146 and Met233, as well as Trp165, Phe283 and Gly384 seem to 10 be involved in interactions with the inhibitor. Except for Phe283, all these 11 residues have been targeted for mutations in FAD patients. The location of the 12 inhibitor right next to the active site is also in good agreement with previous 13 observations that the DAPT binding site is distinct from, but in close proximity of Combined with a small movement of TM7 towards TM6, the kink in TM6 brings 17 the Cα atoms of the two catalytic aspartates within 8.0 Å of each other, which 18 may again be close enough to facilitate catalysis. Also the conformation of the 19 highly conserved 433 PAL 435 motif, which is important for γ--secretase activity 20 (Wang et al., 2004 (Wang et al., , 2006 , changes upon DAPT binding. A large part of the linker 21 between TM6 and TM7 remains invisible, but at the cytoplasmic end of TM6 part 22 of this linker becomes ordered as it passes beneath the inhibitor ( Figure 5C ). 23
There, residues 280--283 form a single α--helical turn, which is stabilized by a 24 hydrogen bond between Glu280 and His163, while Phe283 interacts with the 25 inhibitor. Mutation of Glu280 into an alanine (the so--called Paisa mutation) is by 1 far the most common cause of FAD (http://www.alzforum.org/mutations). 2
Residues 285--288 form a short β--strand before the density of the linker 3 disappears just three residues before the auto--proteolytic cleavage site between 4 Thr291 and Met292. The density then reappears at residue 378, where residues 5 378--381 form a second β--strand that hydrogen bonds with the first. in the orientation and position of a few α--helices. The proposed procedure is 1 generally applicable to single--particle data sets, and its successful application to 2 γ--secretase demonstrates its potential for complexes that are considered to be 3 relatively small for cryo--EM structure determination. between TM6 and TM7 are noticeably different from the apo--state consensus 25 structure. Maturation of the γ--secretase complex requires auto--proteolytic 1 cleavage at Thr290 (or alternatively at Val292 or Met297). The observed kink in 2 TM6 may expedite the U--turn that is required to position the auto--proteolytic 3 cleavage site back into the active site. Moreover, auto--proteolytic cleavage is 4 predicted to occur in an α--helix spanning residues 280--300 of the linker. In the 5 DAPT--bound structure, a single helical turn starts at Glu280, but residues 285--6 288 form a short β--sheet with the end of the linker that connects to TM7. The 7 auto--proteolytic site is still flexible in this structure, as the density disappears 8 after Tyr288. Since auto--proteolysis appeared to be complete in our sample (Lu 9 et al., 2014), it could be that residues 280--300 do form a helical structure prior to 10 self--cleavage. Alternatively, it could be that the inhibitor specifically alters the 11 secondary structure in the linker, for example through its observed interaction 12 with Phe283. 13 14 TM2 of PS1 is well ordered in both the DAPT--bound structure and in class 1 of 15 the apo--state, whereas it is invisible in the other apo--state classes. This helix only 16 seems to be ordered when something is bound in the large cavity that is lined 17 with FAD--derived mutations between TM2, TM3 and TM5. In the inhibitor--18 bound structure this cavity contains the density that we attribute to DAPT, while 19 density for a kinked α--helix is visible in class 1 of the apo--state. Although the 20 density for the kinked α--helix was not of sufficient quality for unambiguous 21 identification, mass spectrometry and Western blot analyses suggest that a 22 mixture of different proteins with a single transmembrane helix may be present 23 in our sample. Four of the proteins that were identified by mass spectrometry 24 had also previously been observed to co--purify with γ--secretase: TMP21/p23, 25 structure shows that after the kink, the α--helix extends for 10 residues into the 22 transmembrane domain, before its four C--terminal residues overlap with the 23 DAPT--binding site and almost reach the active site ( Figure 6A ). 24 1 Furthermore, the NMR structure of the Aβ42 peptide in an aqueous solution of 10 fluorinated alcohols shows a strikingly similar 90--degree kink in its α--helical 11 structure, which is positioned right after Lys699 ( Figure  6B ). A superposition of 12 the NMR model on the kinked α--helix in our structure places its N--terminus flat 13 on the extracellular side of the membrane, while the cleavage site that would 14 result in the formation of Aβ42 peptides is placed in close proximity to the active 15 site ( Figure 6C ). Interestingly, all the proteins that were both identified in our 16 sample by mass spectrometry and that had also previously been observed to co--1 purify with γ--secretase ( Conclusions 16 17 We introduce a new focused cryo--EM image classification procedure that allows 18 separation of structures that differ at the secondary structure level. Application 19 to our previously described data set of γ--secretase in its apo--state reveals 20 distinct conformations for TM2 and TM6 of PS1. In one of the identified 21 structures, we observe a kinked α--helix in the cavity between TM2, TM3 and 22 TM5 of PS1 that cannot be attributed to any of the γ--secretase components. Mass Wakabayashi, T., Craessaerts, K., Bammens, L., Bentahir, M., Borgions, F., 33 Herdewijn, P., Staes, A., Timmerman, E., Vandekerckhove, J., Rubinstein, E., et al. 34 (2009) . Analysis of the gamma--secretase interactome and validation of its 35
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Electron microscopy 21
The sample preparation procedure and imaging conditions for the apo--state data 22
were described previously (Bai et al., 2015a). To prepare the complex with 23 DAPT, we incubated 20 μl of the same γ--secretase sample for 20 min at 4°C with 1 0.2 μl of a 10 mM solution of DAPT in 100% DMSO (yielding an approximate 2 concentration of 4 μM γ--secretase, 100 μM DAPT and 1% DMSO). Subsequently, 3 aliquots of 3 μl were applied to previously glow--discharged holey carbon grids 4 (Quantifoil Au R1.2/1.3, 300 mesh), and flash frozen in liquid ethane using an FEI 5 Vitrobot. The imaging conditions were kept identical as for the apo--state data. In 6 brief, zero--energy loss images were recorded manually on an FEI Titan Krios 7 microscope at 300 kV, using a slit width of 20 eV on a GIF--Quantum energy filter. (Scheres, 2012) for all subsequent steps. References for template--based particle 20 picking (Scheres, 2015) were obtained from 2D class averages that were 21 calculated from a manually picked subset of the micrographs. A 20 Å low--pass 22
filter was applied to these templates to limit model bias. To discard false 23 positives from the picking, we used initial runs of 2D and 3D classification to 24 remove bad particles from the data. The selected particles were then submitted 25 to 3D auto--refinement, particle--based motion correction and radiation--damage 1 weighting (Scheres, 2014) . The resulting 'polished particles' were used for 2 focused classification with subtraction of the residual signal as described in the 3 main text, and the original particle images from the resulting classes were 4 submitted to a second round of 3D auto--refinement. All 3D classifications and 3D 5 refinements were started from a 40 Å low--pass filtered version of the high--6 resolution consensus structure. Fourier Shell Coefficient (FSC) curves were 7 corrected for the effects of a soft mask on the FSC curve using high--resolution 8 noise substitution (Chen et al., 2013) . Reported resolutions are based on gold--9 standard refinement procedures and the corresponding FSC=0.143 criterion 10 (Scheres and Chen, 2012). Prior to visualization, all density maps were corrected 11 for the modulation transfer function (MTF) of the detector, and then sharpened 12 by applying a negative B--factor that was estimated using automated procedures 13 (Rosenthal and Henderson, 2003) . 14 15 For the apo--state data set, the template--based algorithm picked 1.8 million 16 particles from 2,925 micrographs, and 412,272 particles were selected after 17 initial 2D and 3D classification. Subsequent 3D auto--refinement and particle 18 polishing yielded a 3.5 Å map with fuzzy densities in the transmembrane region. 19
Focused classification into eight classes with subtraction of the residual signal 20 yielded three classes with good density as described in the main text. Poor 21 reconstructed density was observed in the other five classes. Separate 3D auto--22 refinements of the corresponding particles in the original data set for the three 23 best classes gave rise to reconstructions to 4.0--4.3 Å resolution (also see Figure  24 2--3, Table 1 ). 25 1
For the DAPT--bound state, 1.4 million particles were picked from 2,206 2 micrographs, and initial classification selected 271,361 particles. After particle 3 polishing, this subset gave rise to a 4.3 Å resolution map with relatively poor 4 density in the transmembrane domain. Application of the new focused 5 classification procedure with residual signal subtraction into eight classes 6 identified a single class with good density. After 3D auto--refinement, the 7 corresponding 51,366 particles gave a map with a resolution of 4.2 Å, which 8 showed improved density in the transmembrane domain. 9 10
Instructions for focused classification with subtraction of residual signal 11
To expedite application of the modified classification procedures proposed in 12 this paper by others, we describe these steps in more detail. The mask for 13 focusing classification on the PS1 subunit (the red part of the signal in Figure  1 This map was then converted into a soft--edged mask using 18 relion_mask_create. A mask around the entire γ--secretase complex, including 19 the belt of fuzzy density from the amphipols, was generated using standard auto--20 masking from the RELION post--processing procedure. Subtraction of the PS1 21 mask from the mask of the entire complex using relion_image_handler 22 yielded a mask containing only nicastrin, Aph--1, Pen--2 and the amphipol belt 23 (the yellow part of the signal in Figure 1 ). This mask was applied to the 3.5 Å 24 map that was calculated from a consensus refinement using all 400 thousand 25 selected apo--state particles. The resulting masked map (yellow.mrc) was used 1 for subtraction of the signal from the experimental particles as outlined in Figure  2 1. The corresponding program has been available in RELION from release 1.3 3 onwards and is used as follows: The Refine3D/run1_data.star file was produced by the consensus refinement 9 and contains the orientation and CTF parameters of all 400 thousand particles. 10
The command generates a new particle image stack called newparticles.mrcs 11 and a new STAR--file with all relevant metadata called newparticles.star. 12
The latter is used directly as input in the focused classification run, which may be 13 launched from the RELION GUI using standard inputs, and providing the mask 14 around the PS1 subunit as 'Reference mask' on the Optimisation tab. Because of 15 the small size of the PS1 subunit, we chose to set the 'Perform image alignment' 16 option on the Sampling tab to 'No'. 17 18
Atomic modeling 19
Model building for the three apo--state classes and the DAPT--bound structure 20 was started from the coordinates that were built in our 3.4 Å apo--state 21 consensus structure (PDB ID: 5A63). Nearly all of the residues from Aph--1 and 22 nicastrin fitted well into the four maps, but parts of PS1 and Pen--2 had to be 23 
